Exercise is reported to reduce oxidative stress in rats and mice (4, 38). However, the mechanism as to how exercise reduces oxidative stress is not known. There are studies suggesting that moderate exercise by inducing the expression of antioxidant enzymes reduces oxidative stress (16, 25). Transcription factor nuclear erythroid-related factor (Nrf)-2 is an important mediator of the antioxidant defense mechanism that transcriptionally regulates several phase II antioxidant enzymes genes, including the glutathione S-transferase (GST), NAD(P)H-quinone reductase, ␥-glutamylcysteine synthetase (GCS), superoxide dismutase (SOD), and heme oxygenase-1 (HO-1) (4, 25, 30, 33, 35, 41 ). Another transcription factor nuclear factor (NF)-B, which is generally considered to be involved in the inflammatory processes (34), also is reported to mediate transcription of antioxidant enzymes such as MnSOD, GCS, and GST (25, 31, 32, 36) .
Aging is accompanied by a host of morphological and functional changes in several organ systems, including in the kidney (22, 39) . Many of the degenerative changes observed during aging and the ensuing morbidity and mortality have been associated with an age-related increase in oxidative stress (1) . Increase in oxidative stress seen in aging is associated with the age-related decline in renal dopamine D 1 receptor function due, in part, to higher protein kinase C (PKC) activity and D 1 receptor phosphorylation in the renal proximal tubules (RPTs) (2, 5). We have also reported that oxidative stress reduction by antioxidant tempol supplementation improves D 1 receptor function in old rats (23) .
Exercise is reported to reduce oxidative stress in rats and mice (4, 38) . However, the mechanism as to how exercise reduces oxidative stress is not known. There are studies suggesting that moderate exercise by inducing the expression of antioxidant enzymes reduces oxidative stress (16, 25) . Transcription factor nuclear erythroid-related factor (Nrf)-2 is an important mediator of the antioxidant defense mechanism that transcriptionally regulates several phase II antioxidant enzymes genes, including the glutathione S-transferase (GST), NAD(P)H-quinone reductase, ␥-glutamylcysteine synthetase (GCS), superoxide dismutase (SOD), and heme oxygenase-1 (HO-1) (4, 25, 30, 33, 35, 41). Another transcription factor nuclear factor (NF)-B, which is generally considered to be involved in the inflammatory processes (34), also is reported to mediate transcription of antioxidant enzymes such as MnSOD, GCS, and GST (25, 31, 32, 36).
In the present study, we investigated the effects of moderate exercise on oxidative stress and antioxidant enzymes in the plasma and RPTs of adult and old rats. Also, the effects of moderate exercise were studied on the activities of Nrf-2 and NF-B in the RPTs of these animals. More importantly, we studied the effects of exercise on PKC activity, D 1 receptor phosphorylation, and D 1 receptor agonist SKF-38393-mediated stimulation of G proteins and inhibition of Na ϩ -K ϩ -ATPase in the RPTs. The effects of exercise on the above parameters were compared by including sedentary adult and old rats in the study. Furthermore, we also determined proteinuria and phosphaturia in the sedentary and exercised adult and old rats.
MATERIALS AND METHODS
Treadmill exercise. Male Fischer (F344/NNiaHsd) rats 3 (adult) and 21 (old) mo of age, supplied by Harlan Sprague-Dawley (Indianapolis, IN), were purchased from the National Institute on Aging (Bethesda, MD). These animals were housed in the University Animal Care Facility, and the present study was approved by the Institutional Animal Care and Use Committee. The rats were acclimatized for 7 days before any experimental maneuver. Adult and old rats were subdivided into sedentary and exercised groups. The exercised groups of adult and old rats were subjected to a treadmill exercise for 12 wk (12 meter ⅐ min Ϫ1 ⅐ 60 min Ϫ1 , 15 degree grade, 5 days/wk) according to a published protocol (4). The sedentary groups of adult and old rats were not exercised. All four groups of rats had free access to standard rodent chow and water.
Animal surgery. The rats were anesthetized with pentobarbital sodium (50 mg/kg body wt) 48 h after the last exercise session along with the respective age-matched sedentary control rats. A tracheotomy was performed to assist ventilation, and a midline abdominal incision was made. The bladder urine was aspirated by a syringe and kept frozen at Ϫ80°C for further analysis. The abdominal aorta was cannulated with PE-50 tubing below the renal artery bifurcations, and blood was collected in EDTA-coated tubes. Measurement of urinary creatinine. The levels of creatinine in the urine were measured by Jaffe reaction using the method of Taussky (43) . Briefly, 50 l of 10% NaOH was added to 500 l of diluted (1:100) urine samples. Saturated picric acid solution (200 l) was added, and the mixture was incubated at room temperature for 20 min. The samples were then read at 520 nm, and the concentration was determined using a standard curve generated from known concentrations of creatinine.
Measurement of urinary phosphate. The levels of inorganic phosphate in the urine were measured using the method of Taussky and Shorr (44).
[ 35 Protein measurement. Proteins were measured using the BCA protein assay kit and BSA as standards. 
Isolation of nuclear and cytosolic proteins. Nuclear and cytosolic fractions of RPTs were isolated as per the manufacturer's instructions using NE-PER nuclear and cytosolic extraction reagents (Thermo Scientific, Rockford, IL).
Measurement of transcription factors Nrf-2 and NF-b. Nuclear levels of Nrf-2 and NF-B in RPTs were determined by Western blotting using specific Nrf-2 and NF-B antibodies (Santa Cruz, Santa Cruz, CA) and horseradish peroxidase (HRP)-conjugated goat-antirabbit secondary antibodies.
Immunoprecipitation of D1 receptor. Renal proximal tubular membranes were used to immunoprecipitate D1 receptor using specific D1 receptor antibody as published previously (5 Detection of D1 receptor serine phosphorylation. The immunoprecipitated D1 receptor samples (5 l) were resolved by SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The membrane was blocked with 5% BSA in PBS with 0.05% Tween 20 for 2 h at room temperature and incubated with a specific phosphoserine antibody (clone 16B4; Calbiochem, Gibbstown, NJ) 1:400 in 2.5% BSA overnight at 4°C. HRP-conjugated secondary antibody was used to probe phosphoserine antibody, and an enhanced chemiluminescence reagent kit was used to visualize the bands (Alpha Diagnostics, San Antonio, TX). The membranes were then stripped using antibody stripping solution (Alpha Diagnostics) and reprobed for D1 receptor protein using specific D1 receptor antibody (Millipore).
D1 RT-PCR. RPTs were stored in RNA preservation reagent at Ϫ80°C, and total RNA was isolated using the RNeasy mini kit (Qiagen, Valencia, CA) as per the manufacturer's instructions. RNA was then used to synthesize cDNA using the Advantage RT for PCR kit from Clontech (Mountain View, CA). Dopamine D1 receptor message was amplified using published gene specific primers (forward 5Ј-AGATCTCTTGGTGGCTGTC-3Ј and reverse 5Ј-ATAATG-GCTACGGGGATGT-3Ј) corresponding to nucleotide sequences 263-281 and 688 -706, respectively (40). The amplified samples were run on 0.8% agarose gel containing ethidium bromide, and the bands were visualized using an ultraviolet transilluminator and quantified using Alpha Innotech software.
RESULTS
The levels of oxidative stress marker, MDA, were higher in the RPTs of sedentary old compared with adult rats. Exercise in old rats decreased the levels of MDA in the RPTs to the levels seen in adult rats (Fig. 1A) . Antioxidant enzyme HO-1 levels increased in the plasma (Fig. 1B) and RPTs (Fig. 1C) of exercised old rats. Total SOD activity, another marker of antioxidant capacity, increased in the plasma of exercised adult and old rats (Fig. 1D) .
The nuclear levels of transcription factors Nrf-2 and NF-B in the RPTs increased in exercised old rats (Fig. 2, A and B) .
The D 1 receptor mRNA levels were lower in the RPTs of sedentary old rats. Exercise increased the D 1 receptor mRNA levels in old rats (Fig. 3A) . Also, there were decreased levels of D 1 receptor proteins in the RPT membranes of sedentary old rats, which increased with exercise in these animals (Fig. 3B) .
The basal PKC activity was higher in the RPTs of sedentary old compared with adult rats. The PKC activity in the RPTs decreased in exercised old rats (Fig. 4A) . The levels of D 1 receptor phosphorylation in the RPT membranes were higher in sedentary old rats, which decreased with exercise in these animals (Fig. 4B) . The levels of urinary proteins were higher in sedentary old rats, which decreased with exercise in these rats (Fig. 6A) . Exercise increased the levels of urinary phosphate in adult and old rats (Fig. 6B) . Exercise is known to reduce morbidity and mortality, improve physiological outcomes, mitigate functional impairments, and prevent the progression of chronic disease in the elderly (14) . Exercise is also known to increase antioxidant enzymes, reduce oxidative stress, and improve endothelial function and reduce coronary artery disease risk (20) . Previously, we reported an age-related increase in oxidative stress in F344/NNiaHsd rats that was associated with renal D 1 receptor dysfunction in old rats (23) . In this study, we found that exercise decreased the levels of oxidative stress in old (24-mo) rats. However, there is study demonstrating that beneficial effects of exercise in terms of decreasing oxidative stress were apparent in 52-wk (13-mo)-old mice but not in 78-wk (19.5-mo)-old mice (37). The failure of exercise training to reduce oxidative stress in 78-wk mice is not known. However, we found that exercise training in 24-moold rats reduces oxidative stress. The possible explanation for this discrepancy could be because of a different animal species and exercise protocol used in our studies. Navarro et al. (38) namely HO-1 and SOD, compared with SOD alone in adult exercised rats. Although the reason for this is not known, the greater response of exercise on antioxidant enzyme regulation in old rats may be to combat a higher degree of oxidative stress in these animals (22) . It should be noted that higher oxidative stress in old rats is not the result of impaired antioxidant mechanism in these animals. Rather, an age-related increase in one of the subunits of renal NADPH oxidase seems to contribute to higher oxidative stress in old rats (3).
Both HO-1 and SOD are regulated by the transcription factors Nrf-2 and NF-B (25, 28, 32) . These transcriptions factors were upregulated with exercise in both adult and old rats, albeit significantly only in old rats. Nrf-2 is known to bind to antioxidant response elements on genes of a myriad of enzymes such as HO-1, SOD, GST, GCS, and catalase (4, 25,  30, 33, 35, 41) . On the other hand, the role of NF-B as a transcription factor capable of upregulating antioxidant enzymes such as HO-1, MnSOD, GCS, and GST has only been recognized recently (25, 31, 32, 36 ). There are reports indicating that exercise upregulates NF-B and is beneficial in antioxidant enzyme induction (13, 25). We found that exercise mediated activation of Nrf-2 and NF-B by 29 and 25%, respectively, in the RPTs of old rats. These increases in the levels of Nrf-2 and NF-B together, as opposed to alone, may be sufficient to upregulate antioxidant defenses, such as HO-1 (Fig. 1C) , resulting in the reduction of oxidative stress and restoration of D 1 receptor function in the RPTs of exercised old rats. It should be mentioned that the nuclear fractions used in the present study were enriched with nuclear proteins. This was confirmed by detecting histone deacetylase (HDAC), a nuclear marker, in cytosolic and nuclear fractions by Western blotting. The levels of HDAC were higher in nuclear than in cytosolic fractions (data not shown). However, we failed to use HDAC as loading control for the reason that the amounts of nuclear proteins (15 g) used to detect Nrf-2 and NF-kB resulted in a higher background signal for HDAC posing difficulty for its quantification.
Our previous studies had shown that the age-related decrease in D 1 receptor and G protein coupling contributed to diminished Na ϩ -K ϩ -ATPase inhibition and natriuretic response to dopamine (15). Earlier, we have shown that exercise restores the natriuretic response to SKF-38393 in old rats (4). However, the mechanisms involved in the restoration of this response following exercise were not studied. Therefore, the present study was undertaken to examine the effects of exercise on D 1 receptor function in RPTs in both adult and old rats. Here we show that exercise restores D 1 receptor-G protein coupling and Another finding to note is that exercise decreased proteinuria in old animals and improved phosphate excretion in adult and old rats. Proteinuria and phosphate retention are complications of chronic kidney disease that worsen the quality of life and increase the disease burden (21, 30b). Phosphate retention in patients with advanced kidney disease is treated with dietary phosphate restriction and phosphate binders to prevent complications such as calcium ϫ phosphate product deposition in vascular beds and soft tissues, secondary hyperparathyroidism, and renal osteodystrophy (19, 30a). Proteinuria in chronic kidney disease is a prognostic indicator and signals the rate of disease progression (21). The mechanism of reduced proteinuria during exercise in 24-mo-old Fischer 344 rats is not known. It is likely that exercise has improved the glomerular basement membrane (GBM) filtration mechanism leading to reduced proteinuria in old rats. In this regard, it should be noted that nephrin, an integral protein of podocyte, a key cell that supports and maintains the GBM filtration mechanism, is reduced in 24-mo-old Fischer 344 rats. The reduced levels of nephrin have been implicated to cause proteinuria in these rats (46) . It is likely that exercise induces an increase in the levels of nephrin, which may be the mechanism of reduced proteinuria in exercised old rats that needs to be determined. Nevertheless, moderate exercise as a treatment modality that could potentially decrease phosphate retention and proteinuria in kidney disease is a promising finding in the present study.
In 
